Abstract. We continue our search, based on Hipparcos data, for stars which have encountered or will encounter the solar system (García-Sánchez et al. 1999) . Hipparcos parallax and proper motion data are combined with ground-based radial velocity measurements to obtain the trajectories of stars relative to the solar system. We have integrated all trajectories using three different models of the galactic potential: a local potential model, a global potential model, and a perturbative potential model. The agreement between the models is generally very good. The time period over which our search for close passages is valid is about ±10 Myr. Based on the Hipparcos data, we find a frequency of stellar encounters within one parsec of the Sun of 2.3 ± 0.2 per Myr. However, we also find that the Hipparcos data is observationally incomplete. By comparing the Hipparcos observations with the stellar luminosity function for star systems within 50 pc of the Sun, we estimate that only about one-fifth of the stars or star systems were detected by Hipparcos. Correcting for this incompleteness, we obtain a value of 11.7 ± 1.3 stellar encounters per Myr within one pc of the Sun. We examine the ability of two future missions, FAME and GAIA, to extend the search for past and future stellar encounters with the Sun.
Introduction
Comets in the Oort cloud evolve dynamically under the influence of external perturbers. Their orbits are perturbed by random passing stars, by giant molecular clouds, and by the galactic gravitational field. In particular, the random motions of the stars and the Sun occasionally bring a star very close to the Sun. Close or penetrating passages through the Oort cloud can deflect large numbers of comets on to orbits that enter the planetary region (Hills 1981; Weissman 1996) , thus triggering what are known as comet showers. Some terrestial impact craters and stratigraphic records of impact and extinction events on Earth (Hut et al. 1987) , as well as geochemical evidence (Farley et al. 1998) , suggest that such showers may have occurred in the past. The determination of the frequency of stellar encounters with the Sun is the starting point in the investigation of the role played by external perturbers, over the history of the solar system, on the dynamical evolution of the population of Oort cloud comets. Therefore, it
The limited accuracy of pre-Hipparcos astrometric data, that is ground-based parallax and proper motion measurements, imposed a severe limitation on the accuracy of predictions of past or future close stellar passages. A significant improvement in the accuracy of astrometric data was achieved by the Hipparcos mission (ESA 1997) . For instance, Jahreiss & Wielen (1997) compared the best available ground-based trigonometric parallaxes of 1452 star systems with Hipparcos parallax values of the same systems. They found that the median standard error of the Hipparcos parallaxes is 1.15 milliarcsec (mas) compared to 8.8 mas for the best ground-based parallaxes, and that 40% of the ground-based parallaxes have errors exceeding 10 mas, compared with only 2% of the Hipparcos parallaxes. According to Hipparcos measurements, only 66% of the stars with ground-based distances closer than 25 pc are really within 25 pc. Using Hipparcos data, much better answers to the questions above can be obtained. In García-Sánchez et al. (1997) we began the search for stars passing close to the Sun using Hipparcos data, assuming a simple linear motion model. In García-Sánchez et al. (1999, hereafter Paper I) we continued this search by integrating the motion of the candidate stars and the Sun in the local galactic potential. Based on radial velocity measurements from the literature as well as others from our own observations, we identified a few passing stars whose encounters with the solar system could potentially cause a perturbation of the Oort cloud. We performed dynamical simulations of cometary orbits using a Monte Carlo model to estimate if there is a significant increase in the long-period comet flux at the Earth's orbit caused by these potential perturbers. The strongest perturbation is for the future encounter with GL 710, though no substantial enhancement of the steady-state cometary flux would result from this passage.
In the present paper, we extend our search for close passages to more candidate stars by using new measurements of radial velocities, as well as considering several analytical expressions of the potential of the Galaxy to integrate the equations of motion. We study the limits of validity of our results, and how these limits may be expanded by new astrometric data from future space-based astrometric missions. In addition, we estimate the frequency of encounters with the Sun from the identified encounters taking into account the observational incompleteness of the Hipparcos data.
In Sect. 2 we present the data sources and the selection criteria for candidate stars used in the search for stellar encounters. In Sect. 3 we describe the equations of motion and the potential models of the Galaxy that will be used to compute the stellar galactic orbits. In Sect. 4 we discuss the range of values of the galactic parameters to be taken into account in the potential models, as well as the choice of the potential model that is the best suited to our study. The results of the predicted encounters with the solar system are presented in Sect. 5. In Sect. 6 we analyze different sources of uncertainty that may constrain this study and the valid time interval for agreement between potential models. In Sect. 7 we determine the frequency of encounters with the Sun using different methods. In Sect. 8 we asses the future impact of two space-based astrometric missions, GAIA and FAME. Finally, our conclusions are given in Sect. 9.
The candidate stars
Our astrometric data set consists of the right ascensions, α, declinations, δ, trigonometric parallaxes, π, and the proper motion components in right ascension, µ α = µ α cos δ, and declination, µ δ , of the stars contained in the Hipparcos Catalogue.
As in Paper I, in order to construct a sample of candidate stars that could have or could have had a passage close to the solar system, we selected stars from the Hipparcos Catalogue whose proper motion, combined with an assumed maximum velocity of 100 km s −1 , implied an impact parameter (closest approach distance) of 3 pc or less. This velocity limit is several times the local stellar velocity dispersion, so that intrinsically high velocity stars are included. At that velocity this requirement means that stars whose proper motion in mas/yr is less than 0.06 times the square of the parallax in mas, are the best candidates to have approaches within 3 pc from the Sun. We selected stars with parallax values greater than 4.5 mas because for smaller values the implied proper motion limit would be close to or below the Hipparcos measurement accuracy.
The impact parameter of 3 pc allows inclusion of relatively distant passages of massive stars or star systems that might affect the cometary orbits. The net heliocentric velocity impulse gained by an Oort cloud comet as a result of a stellar passage is proportional to M * v −1 * D −2 ca (Rickman 1976) , where M * , v * and D ca are the mass, encounter velocity and closest approach distance, respectively, of the passing star or star system. Very close passages are expected to be the most likely to significantly perturb the Oort cloud. However, perturbations could also be possible for somewhat more distant ones, depending on how long the encounter lasts and how massive the stars or multiple star systems encountered are.
According to the above criteria, and after elimination of a few stars with unreliable astrometric values, we found a total of 1189 candidates that satisfied our search criteria. The distribution of the candidate stars with distance is shown in Fig. 1 . The number of sample stars decreases with distance, with 80% of the stars within a heliocentric distance of 100 pc, and only 20% between 100 and 225 pc.
We searched the literature for published radial velocity measurements for the selected stars. We also made radial velocity measurements using the Center for Astrophysics (CfA) digital speedometers (Latham 1985 (Latham , 1992 for some of the stars, as part of an observational program to measure radial velocities of candidate stars with no previous measurements (see Paper I for details). We found values for a total of 595 of the 1189 candidate stars, 518 in the literature plus 77 observed at the CfA, about 50% of the total number selected. We plot the distribution of errors in the radial velocities of these 595 stars in Fig. 2 .
Potential models
In order to determine the stellar encounters with the solar system, we consider the three-dimensional Newtonian equations of motion of a star with respect to the galactic center to compute the stellar trajectories under the galactic gravitational forces. Assuming a steady-state Galaxy with gravitational potential Φ, these equations can be expressed in cylindrical coordinates (R, θ, z) centered on the galactic nucleus as (Mihalas & Routly 1968) 
We will consider three models of the galactic potential that can be introduced in the equations of motion above. The first is a simple local potential model, which is based on the observed local features in the solar neighborhood. The second is the global potential model, and takes into account the large scale features of the Galaxy. Both the local and the global galactic potential models adopt an axisymmetric galactic potential, which implies that the partial derivatives of this potential with respect to θ are zero. This axisymmetry is broken when we consider the third model, the global model with the added perturbative contribution of the spiral arms of the Galaxy.
Local potential model
We assume that for stars not far from the galactic plane (small values of z/R), the galactic force can be expressed in terms of two components: a radial force K R that governs the motion in the galactic plane, and a vertical force K z that depends on the local mass density. Expanding the galactic force field in the plane to first order around the Sun's galactocentric distance R , the following empirical expression for the radial force K R (e.g., Trumpler & Weaver 1953 ) can be derived:
Introducing K R = −∂Φ/∂R, the corresponding potential expression can be derived:
Introducing the expressions
and
into Eq. (5), with Θ = Ω R being the circular velocity at the Sun's position, we obtain
For the perpendicular motion relative to the galactic plane, we can use Poisson's equation to derive ∂Φ/∂z. Poisson's equation, to first order, is
where ρ is the mass density in the solar neighborhood. The term neglected in this equation, 2(A 2 − B 2 ), where A and B are the Oort constants, is zero for a flat galactic rotation curve and small for other rotation curves. Since K z = −∂Φ/∂z, we can write:
Global potential model
Next we move to a more global view of the Galaxy, and consider a galactic mass model based on the large scale features of the Galaxy. The structure of the Galaxy can be modeled as the contributions of three components -a bulge, a disk and a halo -in order to reproduce the global galactic gravitational potential.
In the present case, the total axisymmetric galactic potential can be expressed as the sum of the contributions of each component:
where Φ b , Φ d and Φ h are the potentials generated by the bulge, disk and halo, respectively. For the potential-density pair of the spherically symmetric bulge and halo components, we adopt Plummer's (1911) model which can be written as
whereas for the axisymmetric disk we adopt the Miyamoto & Nagai (1975) form of Kuzmin's (1956) model:
In the above expressions M b , M d and M h are the mass of the bulge, disk and halo, respectively, a d is the scale length of the disk, and b b , b d and b h are the scale heights of the bulge, disk and halo, respectively.
Perturbative potential model
We next consider the effect of a small-amplitude density perturbation of the galactic potential, such as the perturbing spiral gravitational potential superimposed on the axisymmetric galactic disk by the existence of spiral arms. We assume that the spiral arms are a rigidly rotating pattern on the galactic disk that sets up a local minimum in the gravitational field of the disk. The potential Φ s associated with this perturbation can in general be described as a superposition of elementary waves of the form (see, e.g., Yuan 1969a,b; Bertin & Lin 1996) :
where m is the number of spiral arms. The parameter ω is related to the angular speed at which the spiral pattern rotates about the galactic center,
where A(R) is the amplitude and Ψ(R) is the phase term. The amplitude A(R) is a slowly varying function of R, and for our purposes is taken to be
with F being the ratio of the radial component of the spiral field to the symmetrical field, and γ the pitch angle of the spiral arm given by
In the expression above, R a is the location of the center of the spiral arm in the direction of the galactic center and ∆R is the separation between arms. The phase term Ψ(R) is
where Ψ is a constant that can be determined from the condition of minimum of the potential (that is, for t = 0, Following Yuan (1969b) , we can express Eq. (14) as
To obtain the total potential Φ used in the equations of motion, Φ s is added to the axisymmetric global potential, denoted as Φ gl and given by (11). Thus, the total potential is given as
where the partial derivatives with respect to R, θ and z are
Galactic parameters and choice of potential model
We discuss here the values of the parameters to be used in the equations of motion described above. Our aim is to construct a set of plausible and self-consistent values of the galactic parameters, according to observational constraints in the literature, from which the stellar passages can then be determined.
Solar and galactic parameters in the local potential model
For the Sun's velocity with respect to the Local Standard of Rest (LSR), we adopt the values of 9.3 ± 0.8 km s in the direction of galactic rotation, and 7.6 ± 0.6 km s −1 towards the north galactic pole, as reported by Feast & Whitelock (1997) , and very similar to Delhaye's (1965) classical values of (9, 12, 7) km s −1 . An accurate value for the Sun's vertical height above the plane, z , is not well established. Past studies report values of z ranging from about 10 to 42 pc, depending on the method used (see Humphreys & Larsen 1995 for a review). Reed (1997) estimated that z is likely not less than ∼6 pc and no more than ∼13 pc above the galactic midplane based on OB star counts. Hipparcos studies also report low heights, z 8 ± 4 pc according to Holmberg et al. (1997) and z = 9 ± 4 pc according to Pham (1997) . We adopt a rounded-off value of z = 10 pc. We will show later that the use of other plausible values of z does not significantly affect our calculations. The IAU standard value for the Sun's galactocentric distance is R = 8.5 ± 1.1 kpc (Kerr & Lynden-Bell 1986) . However, more recent studies show a trend towards smaller values of R . Reid (1993) examined this question and found a best value of R = 8.0 ± 0.5 kpc. Feast & Whitelock (1997) , in a study of the local galactic kinematics based on Hipparcos proper motion measurements of Cepheids, derived R = 8.5 ± 0.5 kpc. In constrast, Olling & Merrifield (1998) also studied the rotation curve of the Galaxy and derived R = 7.1 ± 0.5 kpc, a value that they claim to be consistent with the kinematic study by Feast & Whitelock (1997) .
In our study we adopt the range R = 7.5-8.5 kpc as the most reliable values. By "galactic parameters", we refer here to those that characterize the amount of matter and the rotation of the Galaxy in the solar neighborhood. Several studies have been carried out to determine the local mass density ρ dynamically, leading to conflicting results. Whereas some authors claimed the presence of disk dark matter greater than 50% of the observed matter (Bahcall 1984a,b; Bahcall et al. 1992) , others estimated a much lower value or even zero disk dark matter (Bienaymé et al. 1987; Kuijken & Gilmore 1989) . Work based on Hipparcos data seems to support a low value of the local dynamical mass density; Crézé et al. (1998) and Pham (1997) found ρ = 0.11 ± 0.01 M pc −3 . The differences in the Hipparcos results are mainly due to the methods applied. We adopt the range ρ = 0.076-0.15 M pc −3 in our study.
Based on Hipparcos proper motions of Cepheids, Feast & Whitelock (1997) Reid et al. (1999) , and a slowly declining galactic rotation curve at R , given by (dΘ/dR) = −2.4 ± 1.2 km s −1 kpc −1 . We adopt these values in our calculations. The selected values of the parameters are all listed in Table 1 .
Global potential model parameters
We cannot adopt the values listed in Table 1 directly for the global potential model. The reason is that we need additional parameters to describe the global potential model, for example, the masses of the different components (bulge, disk and halo) that contribute to the potential. The values of these additional parameters are determined from the best global fit to the Galaxy according to certain observational constraints. Values of these additional parameters can be found in the literature, but if we adopt them we should also adopt the values of the other model parameters derived from the same fit. Otherwise, our model would not be internally consistent.
By adopting a set of parameters for the global potential model from the literature we demand, however, that their values be in reasonable agreement with those listed in Table 1 . We adopt the parameters derived by Dauphole & Colin (1995) for a global potential model, which fulfill the above requirement. Their model consists of an axisymmetric galactic potential generated by the contributions of a spherical central bulge, a disk and an extended spherical halo. The values of the parameters were derived by Dauphole & Colin from the classical observational constraints (rotation curve, local perpendicular force, local density and Oort constants), but in addition these authors also used the dynamics of the galactic globular clusters as a constraint on the model parameters.
The values derived by Dauphole & Colin are listed in Table 2 . The Sun's galactocentric distance R and local circular velocity Θ , as adopted by Dauphole & Colin, are R = 8.0 kpc and Θ = 225 km s −1 , respectively. The total mass of the Galaxy derived from this model is 7.9 × 10 11 M . For the Sun's motion we adopt the velocity components (9.3, 11.2, 7.6) km s −1 , and for the Sun's height above the galactic midplane we adopt the value z = 10 pc, as discussed above.
Spiral arm parameters
There is not a single, accepted picture of the global spiral structure of the Galaxy. Models differ in the number of spiral arms, m, the value of the pitch angle, γ, of the arms, and the value of the pattern speed of rotation Ω p . Proposed global fits to observations of the Galaxy include either two or four arms, with pitch angles ranging from ∼5 o to ∼27 o (see Elmegreen 1985 for a review and references to these observations). For instance, Henderson (1977) and Blitz et al. (1983) obtained a four-armed pattern from HI and CO data, whereas Simonson (1976) obtained a two-armed inner structure with two additional outer arms. The use of the density-wave theory of spiral arms obtains two-armed spirals for the study of young objects in the solar neighborhood. From optical HII regions, Georgelin & Georgelin (1976) delineated four arm segments, though Bash (1981) showed that a two-armed model could also account for the HII regions used by Georgelin & Georgelin. With regard to the spiral pattern speed, results from several studies basically cluster around two different ranges of values, Ω p 11−14 km s −1 kpc −1 (Lin et al. 1969; Yuan 1969a,b; Gordon 1978) and Ω p 20−28 km s −1 kpc −1 (Crézé & Mennessier 1973; Nelson & Matsuda 1977; Avedisova 1989; Amaral & Lépine 1997; Mishurov & Zenina 1999) . The differences between these values depends mainly on the techniques used to estimate the pattern speed. Models implying that the spiral waves travel outwards from the center of the Galaxy result in larger values of Ω p , whereas those implying the opposite propagation direction obtain lower pattern speed values.
According to the density-wave theory of the galactic spiral arms, the density wave pattern propagates around the Galaxy with a pattern speed Ω p that can only extend over the part of the galactic disk for which (Lin et al. 1969 )
where Ω is the angular velocity of rotation at a distance R, κ is the epicyclic frequency at this distance, and m is the number of spiral arms. The epicyclic frequency is defined as
The values of Ω−κ/m and Ω+κ/m are the inner and outer Lindblad resonances, respectively. At resonance locations, energy is dissipated and can lead to damping of spiral waves. In addition, a corotation resonance can occur if Ω p = Ω for some value of R. At the corotation circle, the wave can be amplified through over-reflection (e.g., Lin & Bertin 1985) . The density-wave theory works best at the zone between the inner Lindblad resonance and the corotation resonance. In our model of the Galaxy we adopted the parameters by Dauphole & Colin (1995) . In order to study the range of values of Ω p permitted by condition (24) and consistent with these parameters, we first derive the rotation curve Dauphole & Colin (1995) , derived from their model.
of the Galaxy Ω(R) by means of a least-squares linear fit to the values tabulated by Dauphole & Colin (1995) . From this curve we then determine the allowed Ω p . The fit to the rotation curve values listed by Dauphole & Colin is
where Ω and R are the values listed in Table 2 . Figure 3 shows the fitted curve. The epicyclic frequency κ as a function of distance R can be derived by introducing expression (26) and its derivative with respect to R into Eq. (25). Therefore, both Ω(R) and κ(R) can be used to determine the range of values of the pattern speed compatible with condition (24).
We plot the rotation curve of the Galaxy Ω given by Eq. (26) For the high range of Ω p we consider here the two extreme values above, Ω p = 20.0 km s −1 kpc −1 and Ω p = 28 km s −1 kpc −1 . For the low range we consider the value of Ω p = 13.5 km s −1 kpc −1 (Yuan 1969a) . These three values are represented in Fig. 4 by the three horizontal lines. This plot suggests a preference for the two-armed over the four-armed spiral structure for low values of Ω p . The two-armed pattern can extend over a larger region of the Galaxy. For Ω p = 13.5 km s −1 kpc −1 , the four-armed spiral structure is limited to exist only in the outer parts of the Galaxy.
Assuming a solar galactocentric distance of R = 8.0 kpc, the Sagittarius arm is located at R a = 6.5 kpc, with the arm separation (distance from the Sagittarius arm to the Perseus arm) being ∆R 3 kpc (Vallée 1995) . Since a pure four-armed structure is constrained to a much smaller region of the Galaxy than the two-armed structure, and also to avoid corotation resonance at such a galactocentric distance, we adopt the two-armed structure for the spiral potential model. For the sake of comparison, we consider two values of the pattern speed Ω p , 13.5 and 20.0 km s −1 kpc −1 . We list the values for the spiral potential perturbation in Table 3 . We adopt the value F = 0.05 (Yuan 1969b) for the ratio of the radial component of the spiral field.
Choice of potential model
The local potential model assumes that for the motion of stars not far away from the galactic plane, the vertical z-force, which essentially depends on the local mass density ρ , can be decoupled from the R-force parallel to the galactic plane. The equation of vertical motion z results in a harmonic motion above and below the galactic midplane, which is valid only for stars with small amplitudes of oscillation, z max of less than ∼300 pc (Binney & Tremaine 1987) . For larger distances from the galactic midplane the K z force drops below its linear value and the harmonic approximation does not work as well.
To estimate the validity of this approximation for our candidate stars, we calculated the amplitude z max of the vertical motion of the stars for which we have radial velocity measurements, assuming a nominal value of ρ = 0.1 M pc −3 . Ninety per cent of the candidate stars reach a maximum distance from the galactic plane of less than 300 pc, and about one half of the stars have vertical oscillation amplitudes within 100 pc of the plane. Only 10% of the stars reach distances greater than 300 pc from the midplane, up to ∼1 kpc. For this 10% of stars the departure from the harmonic motion approximation may be significant. Therefore, the application of the local potential model is restricted to the case of candidate stars whose orbits are relatively close to the midplane. However, when the coupling between vertical and radial galactic forces can be neglected, this model provides a good description of the galactic potential in the solar neighborhood. It also has the advantage of allowing the use of well determined local parameters, so we can easily test the effect of varying any of these parameters on the stellar orbits.
On the other hand, dynamical mass models of the Galaxy, represented in our case by the global potential model, attempt to fit the observational parameters directly related to the force field of the Galaxy. The basic fit is to the galactic rotation curve, which contains information about the radial force field in the plane at various radial distances, and to the perpendicular force as a function of vertical height. Models thus constructed provide a description of the potential throughout the Galaxy. Therefore, the global potential model is preferred to the local potential one because its validity is not restricted to any particular region of the Galaxy or to a certain fraction of our candidate stars, contrary to what happens with the local potential model. The global potential model parameters are adjusted to optimize the agreement between the kinematic predictions and the observational constraints of the galactic features. However, this large-scale adjustment results in a smoothed potential that might not fit local irregularities. In this case, the introduction of additional contributions from other components may be required, and the axisymmetry of the global potential model will be broken. The strongest perturbation on the smoothed potential model comes from the potential generated by the spiral arms of the Galaxy. The use of a perturbative potential together with the global potential model would thus represent an improvement in the description of the large-scale potential of the Galaxy. However, as discussed above, the determination of the global spiral structure of the Galaxy is problematic, since an accurate description of the spiral arm features is not well established, neither qualitatively nor quantitatively. We might also consider the contribution of a galactic central bar as a perturbation of the global potential. Dehnen (2000) performed numerical simulations of the velocity distribution adopting a nearly flat rotation curve and a rotating central bar, and found a signature in the velocity distribution caused by the outer Lindblad resonance of the bar. However, the values of parameters describing the central bar, found throughout the literature and based on different studies, such as the axis ratios, the orientation of the bar, and the pattern speed, are still a matter of debate (see, e.g., Gerhard 1999 for a review). Also, Asiain (1998) performed an analysis with a sample of solar neighborhood stars and showed that the perturbation of the bar on the galactic potential is much smaller than that of the spiral arms. He further showed that the effect of the bar on the galactic orbits of solar neighborhood stars can be neglected, at least within some tens of Myr from the present time. The times of closest passage determined with our integrations of galactic orbits (see next section) are relatively short, less than ∼10 Myr, a time interval for which the effect of the central bar on the star's trajectory is not significant.
We adopt the global potential model as the most reliable model to determine the stellar galactic orbits of our candidate stars. However, we will also use the local and the spiral potential models to study the limits of the model adopted.
Determination of stellar encounters
We computed the galactic orbital motion of the Sun and the 595 candidate stars with measured radial velocities using the global potential model. The adopted galactic parameters are those derived by the model of Dauphole & Colin (1995) , listed in Table 2 . The integrations were performed for a time ±100 Myr from the present time, using a fourth-order Runge-Kutta integrator. The 100 Myr interval of time is large enough to allow all our candidate stars to encounter the solar system at their closest approach distance. From the computed stellar and solar galactic orbits, we determined the parameters of the closest approach to the Sun for each candidate star.
We list the encounters with the candidate stars in Table 4 , in order of increasing miss distance D ca , for those 156 stars with a miss distance within 5 pc of the Sun. The predicted passages are contained in a time interval of ±10 Myr from the present, with most of them, ∼85%, occurring within ±3 Myr. Eighty seven of the candidate stars listed are predicted to encounter the solar system in the future, compared with 69 candidate stars having their closest approach in the past. The past/future ratio is just over one sigma different than what would be expected from random statistics.
We estimated the effect of a one sigma variation in the astrometric parameters used (parallax, proper motion in right ascension and declination, and radial velocity) on the predicted encounter parameters D ca and T ca . We neglect the uncertainties in the position coordinates since they are very small. This estimate is given in Table 4 as ∆D ca and ∆T ca . The values of ∆D ca and ∆T ca were calculated as the root sum square of the changes in D ca and T ca due to individual one sigma increases in the parallaxes, proper motions and radial velocities of the candidate stars
where the index i denotes the four astrometric parameters used in the calculation. The radial velocities and their uncertainties are also given in Table 4 . We must caution that, in some cases, the astrometric and radial velocity errors might not be a reliable estimation of the true errors because of the long-period binaries not yet recognized.
The miss distance versus time of past (negative times) or future (positive times) encounters for the 156 passages within 5 pc are shown in Fig. 5 . The shaded area represents the Oort cloud with a radius of ∼10 5 AU (Smoluchowski & Torbett 1984; Antonov & Latyshev 1972) . The size of the data point for each star is proportional to the visual magnitude of the star at the predicted minimum distance. We note that passages at large times are dominated by stars with the largest apparent brightness at closest approach, which suggests an observational bias. Most of the stars encountering the Sun at large times from the present epoch could only have been observed by Hipparcos at present if they are intrinsically bright. We will examine this question of observational incompleteness in more detail later.
The spatial distribution of the closest approach points on the plane of the sky in galactic coordinates, for the 156 candidate stars with miss distances less than 5 pc, is shown in Fig. 6 . The solar apex and antapex directions at the present time are also noted in the plot. We use different symbols to distinguish between past and future encounters. There appears to be some signs of non-randomness in the directions to the closest approach points, in particular the low density of points in some areas of the sky such as, for instance, near the solar antapex.
To estimate if there is any departure from randomness in the distribution of encounters induced by the solar motion direction, we plot the number of stars encountered within 5 pc as a function of the angle between the solar apex at the time of the closest approach and the star's position on the plane of the sky at that time in Fig. 7 . The angular bins considered are each 20
• in width. We find that the number of encounters within 90
• of the solar apex direction, 77, is practically the same as within 90
• of the antapex, which is 79. The distribution can be fitted reasonably well by a sine curve, which is what would be expected for a random distribution, except for two angular intervals. These intervals are centered, respectively, at 90
• , which shows an excess of encounters with respect to a sinusoidal distribution, and 170
• (the solar antapex), which shows a deficit.
In order to assess how significant is the departure from randomness, we divide the sky into eight equal-area sections and estimate if the number of encounters in each section agrees with a random distribution. The sections are symmetric with respect to the apex-antapex direction, and correspond to the following angle intervals counted equal-area section and the expected number of encounters λ is small. We list the number of encounters in each section as well as their difference with respect to λ in Table 5 . We find that the difference is larger than one sigma in two sections. For the interval (90 • , 104.5
• ) the number of encounters is 1.5 σ above the expected mean value, and for (138.6
• , 180
• ) the number of encounters is 1.7 σ below the expected mean value.
Although the values in these two sections might give some evidence of non-randomness, the departure from a random distribution is not significant. Since λ = 19.5 is large, the Poisson distribution can be well approximatted by a Gaussian distribution with σ = λ 1/2 = 4.4. For a Gaussian distribution, 68.27% of the cases are expected to lie within 1-σ, 86.64% within 1.5-σ, and 95.45% within 2-σ. We find that 75% of the cases lie within 1-σ, 87.5% within 1.5-σ, and 100% within 2-σ (see Table 5 ), which shows that the distribution is essentially Gaussian. The Sun's velocity relative to the LSR is about half the typical value of a star of its type, and smaller than typical velocities of most of the stellar types encountered, so in general the effect of the solar motion direction on the distribution of encounters on the sky is expected not to be significant. Nevertheless, all the values around 90
• of the solar direction in Table 5 are above the mean number of encounters, whereas all the values around the solar apex or antapex direction are below the mean, which might indicate some effect of the solar motion direction. However, as seen above, this possibility is not statistically significant. Figure 8 shows plots of the past and future stellar passages, respectively, within a time interval of ±2 Myr from the present time. The shaded area at the bottom of each plot represents the Oort cloud. Error bars given by ±∆D ca and ±∆T ca are shown. The size of some error bars is smaller than the dot size. Most of the encounters are at times close to the present time. As the time of encounter increases the number of encounters decreases. This is further evidence of the observational incompleteness mentioned above. For some stars the uncertainty in the predicted passage is very large, so the predicted encounter parameters should be considered with caution. We find that the candidate star with the closest approach to the solar system is GL 710 (HIP 89825), a KV star with a predicted minimum distance of 0.337±0.177 pc in 1.36±0.04 Myr. This confirms our result in Paper I that GL 710 will have a passage through the outer Oort cloud, where we concluded that the perturbation caused by this passage is not strong enough to disrupt the cometary cloud. A close passage by this star was first predicted by Vyssotsky (1946) based on its low proper motion. This star is the only one of our candidate stars with a miss distance less than 10 5 AU (∼0.5 pc). In Table 6 we compare the results for GL 710 with those obtained using the other galactic potential models described above, assuming the same values of the galactic parameters. These results show that the predicted encounter with GL 710 is essentially independent of the model adopted. For the spiral perturbation model we use the two-armed configuration with two different values of the pattern speed of rotation of the spiral arms, Ω p = 13.5 and 20.0 km s −1 kpc −1 . For both values of Ω p we obtain the same encounter parameters. We find an excellent agreement between the local and global potential models for the encounter with GL 710. For the calculation of the encounter parameters we assume that GL 710 is a single star. In Paper I we discussed the possible binary nature of GL 710, suspected because of the larger values of the radial velocity measurements made more than 50 years ago. We concluded that the difference in radial velocity may be due to a systematic error in the zero point of the measurements made in the 1940's. However, we also cautioned that additional monitoring of the radial velocity and the astrometric positions over the coming years is desirable to settle this conclusion.
The second closest passage is that of HD 158576 (HIP 85661), an F0 star with a predicted miss distance of 0.938 pc in 1.85 Myr. The third closest predicted approach is for the M5.5 dwarf Proxima Centauri (HIP 70890), currently the nearest star to the Sun, for which the predicted closest passage is 0.954 pc in 26 700 yr. All of the above passages are predicted for the future. The closest passage in the past was that of the G8III star HD 199995 (HIP 103738), with a predicted miss distance of 1.254 pc and time of closest approach of 3.8 Myr in the past. Eleven stars in Table 4 have errors ∆D ca that are larger than their predicted closest approach distances D ca . These are stars for which improved data would be particularly useful.
The closest passage of a star with an extrasolar planet candidate was that of Epsilon Eridani (HIP 16537). This K2 V star, recently proposed as a candidate for having a Jupiter-like companion of mass M sin i = 0.86 M Jup (Hatzes et al. 2000) , passed at a distance of 2.14 pc about 0.105 Myr ago. Encounters within 5 pc with other candidates for extrasolar planets are also predicted. HD 217107 (HIP 113421), a G7 V star with a planetary companion of mass M sin i = 1.27 M Jup (Fischer et al. 1999) , presently located at 19.7 pc, will pass at a heliocentric distance of 2.3 pc in 1.4 Myr in the future. GL 876 (HIP 113020), an M4 dwarf star located at 4.702 pc with a planetary companion of mass M sin i 2.0M Jup (Delfosse et al. 1998) , will pass at a distance of 4.69 pc in about 12 100 yr.
Comparison between potential models
Once we have determined the encounter parameters (miss distance and time of closest approach) for the candidate stars with the solar system using the global potential model, we are interested in studying the limits of validity of the predictions by this potential model by comparing with the other two models considered. We particularly focus our attention on the candidate stars encountering the Sun within 5 pc in a time interval of ±10 Myr, which are listed in Table 4 . The encounters predicted for these candidate stars will be used later to derive the frequency of encounters with the solar system.
Comparison between global potential and local potential models
We determined the stellar encounters using both global and local potential models. For the local potential model we adopted the same values of the Sun's galactocentric distance, R = 8.0 kpc, and the local mass density, ρ = 0.143 M pc −3 , adopted for the global potential model. We compare the results obtained from both models in Fig. 9 . The difference ∆D between the miss distances determined by the global and the local potential models, as a function of the time of closest approach T ca , for the 156 candidate stars passing within 5 pc, is shown in Fig. 9a . For these stars the agreement between the two models is very good. The maximum difference is less than 0.2 pc, and for the overwhelming majority of stars the agreement is better than 0.03 pc. For most of the closest passages (within 2 pc) the agreement is practically perfect. The local potential model predicts passages within 5 pc of the Sun for the same candidate stars as the ones predicted by the global potential model, with the sole exception of HIP 44333. The passage for this star is predicted by the local potential model to be at a distance of 5.111 pc in 4.9 Myr, slightly greater than 5 pc, as compared to the 4.917 pc in 4.9 Myr predicted by the global potential model. This star exhibits the maximum difference in the estimated miss distances (∆D ∼ 0.2 pc in the plot) between the two models. Figure 9b shows ∆D as a function of T ca for all 595 candidate stars. We see that for stellar passages within ∼10 Myr, the local and the global potential results are in good agreement. The differences are below 0.5 pc, except for three stars for which the differences are between 0.5 pc and 1.13 pc; these differences represent less than 8% of the actual miss distances. However, for encounter times larger than about ∼10 Myr (noted in the plot by a vertical line) the model predictions begin departing for several stars, a few of them significantly. The distribution of the 595 candidate stars as a function of ∆D is shown in Fig. 9c . We use bins of different width to better show the good agreement between the models for a large number of stars. Only ∼5% of the 595 stars have ∆D larger than 0.5 pc. The fact that the models show such a good agreement for the time interval of integration of ±10 Myr will be used later to study the variation of the predicted encounters by the adoption of different galactic parameters.
We discussed above the validity of the harmonic motion of the stars above and below the galactic midplane implied by the local potential model. The harmonic approximation cannot be used reliably for stars with amplitudes of vertical motion larger than ∼300 pc from the midplane. However, for our candidate stars with amplitudes larger than 300 pc, they only reach these amplitudes long after they have encountered the Sun. The difference in the predicted encounter parameters between the local and the global potential models is very small, practically zero for all of them.
Effect of a spiral potential perturbation on the stellar orbits
We can also study the effect of the potential of the spiral arms on the stellar passages predicted by the global potential model. First we determine the encounters within the ±100 Myr time interval of integration by using the two values of the pattern speed, Ω p = 13.5 km s −1 kpc −1 and Ω p = 20.0 km s −1 kpc −1 discussed above. We find a very good agreement between the miss distances obtained for both values of Ω p . For 582 of the 595 candidate stars the agreement in encounter distance is within 0.1 pc. For the other candidate stars the differences are between 0.1 and 3 pc (only two stars have a difference larger than 1 pc) but they represent less than 4% the value of the miss distance in all but one case. The only exception is HIP 112584, with a difference of ∼55% in the value of the miss distance. However, the predicted closest passage for this star is larger than 23 pc for either of the two values of Ω p , so this disagreement does not affect the encounters within 5 pc of the Sun. This star has the lowest heliocentric velocity in our sample, less than 1 km s −1 . If we adopt a pattern speed of Ω p = 20.0 km s −1 kpc −1 , we must integrate the orbit of HIP 112584 beyond the 100 Myr interval of integration to determine its encounter with the Sun. We find a much better agreement with the global potential prediction for this star when we adopt an Ω p of 13.5 km s −1 kpc −1 . The differences in the integrations likely result from the very low relative velocity and long integration time, allowing small differences in the potential models to grow significantly. With this sole exception of HIP 112584, we can assume that for the candidate stars the spiral perturbation model predictions do not differ significantly due to the use of one or the other values of Ω p considered. Figure 10a shows the difference ∆D for the global and spiral arm models as a function of time T ca for the 156 candidate stars encountering the Sun within 5 pc, assuming a pattern speed Ω p = 13.5 km s −1 kpc −1 . The predictions of the global potential model are not significantly affected by the spiral arms potential for most of the passages. The agreement is within 0.1 pc for most of the passages, and the maximum difference is less than 0.4 pc. Both models predict the same candidate stars passing within 5 pc of the Sun. The effect of the spiral arms on the encounters predicted within 5 pc can thus be neglected. The agreement is very good for encounters within about ±2 Myr from the present time. Figure 10b shows the difference ∆D as a function of time T ca for all 595 candidate stars. We see that the effect of the spiral arms is significant for passages with large encounter times. For passages within about ±7 Myr the difference ∆D is smaller than 0.5 pc. The vertical line in the plot denotes this time. For larger encounter times, ∆D increases roughly steadily with time for most of the passages. The distribution of the 595 candidate stars as a function of ∆D is shown in Fig. 10c . We see that, although ∆D is significant for some passages, for ∼92% of the 595 stars the value of ∆D is smaller than 0.5 pc.
Dependence of results on the values of the galactic parameters
We described above a range of plausible values for the parameters in the local potential model, and we also saw that the encounters predicted with the local potential model matched well those predicted by the global model. The simplicity in the use of the local potential model, where a range of values of the galactic parameters may be tested, is an advantage to predict the sensitivity of the stellar encounters to these parameters as compared with the global model. Thus, we use the local potential model, along with its plausible range of parameters, to study this sensitivity.
We tested different values of the Sun's height above the midplane, within the range z = 0−20 pc, and we found no significant difference in the values of the encounter parameters with respect to the ones determined using the value of z = 10 pc adopted for our integrations. For the extreme values of z above, the average difference between the miss distances is less than 0.02%. Therefore, within this range the dependence of the encounters on the value of z can be neglected.
For the distance to the galactic center we considered R = 7.5−8.5 kpc. We found no significant change in miss distance due to the use of values within this range. The difference is well below 0.01 pc for almost all passages. The maximum difference is 0.155 pc for HIP 79333, which is only 3% of the miss distance determined for this star. Therefore, we conclude that the effect of using values of R different than 8.0 kpc within the range considered above can be neglected.
We adopted a range of ρ 0.076−0.15 M pc −3 for the local mass density. As test values for this study we consider the value ρ = 0.143 M pc −3 adopted for our integrations, which represents a high value of ρ , and the value ρ = 0.076 M pc −3 , which is the lower limit of the range considered. The difference ∆D between the miss distances predicted by the two values of ρ , as a function of the time of closest approach, is plotted in Fig. 11 . The difference ∆D for the candidate stars with passages within 5 pc of the Sun is shown in Fig. 11a . The plot shows a good agreement, ∆D ≤ 0.05 pc, for most of the encounters. For most of the closest passages (within 2 pc) the agreement is very good. Only eight stars have 0.05 pc < ∆D ≤ 2.2 pc. The lower value of ρ results in the addition of two passages to the list of encounters within 5 pc, whereas two other passages are removed from this list. None of the passages added or removed are within ∼4 pc or within ±3 Myr. Figure 11b shows ∆D as a function of the time of closest approach for all 595 candidate stars. We see that the difference in the predictions for the two values of ρ is significant for several encounters. The vertical line denotes a time of ±10 Myr, within which the local and the global potential model are in good agreement (see Sect. 6.1). The number of stars as a function of ∆D for encounters within ±10 Myr is plotted in Fig. 11c . Within ±10 Myr from the present time the effect of varying the local mass density ρ on the stellar trajectories is a change of less than 0.05 pc in the miss distance for ∼73% of the passages. This change is larger than 0.5 pc for only ∼8% of the stars passing within ±10 Myr.
Galactic parameters uncertainty versus astrometric errors comparison
We are interested in estimating the main source of uncertainty affecting our results. As sources of uncertainty we consider those arising from the values of the galactic parameters adopted for the potential model, and the observational errors on the astrometric parameters of the candidate stars.
We found that the largest changes in the predicted encounter parameters due to the galactic parameters used are for the adoption of a different value of the local mass density ρ , and for the contribution of the potential of the spiral arms. These two effects limit the accuracy of the stellar trajectories calculated with the global potential model. For the astrometric errors we consider the errors associated with the measured values of parallax, proper motion in right ascension, proper motion in declination and radial velocity.
To estimate whether our predictions are limited more by the potential model adopted or by the observational errors of the candidate stars, we consider ∆D obs and ∆T obs , the uncertainties in the prediction of the miss distance and the time of closest approach, respectively, due to the astrometric errors, and ∆D mod and ∆T mod , the uncertainties in the predictions of the miss distance and the time of closest approach, respectively, due to the potential model (galactic parameters) adopted. The values of ∆D obs and ∆T obs are given by Eqs. (27) and (28). The values of ∆D mod and ∆T mod are calculated as
where D ca and T ca are the miss distance and the time of closest approach determined by the global potential model, respectively, and D ca and T ca are the miss distance and time of closest approach determined for a smaller local mass density ρ or for the contribution of the potential of the spiral arms. The predicted encounters are constrained by the observations when ∆D obs > ∆D mod or when ∆T obs > ∆T mod , whereas they are constrained by the potential model when ∆D obs < ∆D mod or when ∆T obs < ∆T mod . We study the effect of each of the parameters separately.
We compare the effect of a value of ρ = 0.076 M pc −3 on the predicted encounters with the effect of the astrometric errors. The percentage of stars with ∆D obs > ∆D mod is ∼99% of the total number of stars. The percentage is about the same for ∆T obs > ∆T mod , ∼97%. We also compare the effect of the spiral arms of the Galaxy on the predicted encounters with the effect of the astrometric errors. We find that ∼99% of the stars have ∆D obs > ∆D mod . The percentage is the same for ∆T obs > ∆T mod . This shows that the errors in the astrometric parameters are the main effect limiting the accuracy of the predicted passages.
Frequency of encounters and completeness of the study
We wish to find the frequency of encounters of the Sun with star systems, where a star system is defined to contain either one or more stars. Unless we deal with a penetrating passage of a wide binary or multiple system through the Oort cloud, in which case the geometry of the system would need to be taken into account, each passage is counted as a single encounter for dynamical purposes. The frequency of stellar passages within any distance, D, of the Sun can be estimated by
where v is the velocity of encounter of the Sun with the stellar systems and n * is the local density of stellar systems (Jeans 1928; see also Weissman 1980; Hills 1981; Stern & Shull 1988) . The velocity v not only depends on the Sun's peculiar velocity v , but also on the velocity dispersions of the stars encountered, v * , since the stars are not at rest in space. We combine v and v * in quadrature to define the velocity of encounter, v = v 2 + v 2 * (e.g., Hut & Tremaine 1985) . We can refine this estimate by determining the Sun's encounter frequency with different stellar types, each characterized by its own stellar velocity dispersion, density and solar motion, and adding them to obtain the total frequency of encounters. The frequency of encounters can thus be rewritten as
where index i denotes the different stellar types considered, and with relative velocity v i = v 2 i + v 2 * i for each type.
For this calculation, we require the number density n * i for each stellar type. This number density can be obtained from the luminosity function (LF) of star systems (the systemic LF) for the M V interval representing each stellar type. Using data from the literature, we construct a LF as close as possible to a representative systemic LF, from which the number density can be derived.
We consider data from Gould et al. (1997) for faint stars and from Jahreiss & Wielen (1997) for main sequence stars. The values from Jahreiss & Wielen are based on data for the preparation of the new Catalogue of Nearby Stars, which also uses Hipparcos parallaxes for those catalogue stars observed by the Hipparcos satellite. This catalogue contains stars within 25 pc, and it is complete for M V brighter than about magnitude 9 out to 25 pc. The values from Gould et al. are based on star counts for the faint end of the luminosity function. The advantage of using Gould et al.' s data is that all secondaries in binary systems are essentially missed (Frogel & Gould 1998) , providing a good estimate of the systemic LF. We construct a LF based on Jahreiss & Wielen (1997) data for the interval −1 ≤ M V ≤ 9, and on Gould et al. (1997) data for the interval 10 ≤ M V ≤ 18. This LF is listed in Table 7 . From this LF we calculate the number density corresponding to the M V interval representing each stellar type.
We also consider number densities for other stellar types. For white dwarf stars, Liebert et al. (1988) found a value of 3.2 × 10 −3 pc −3 based on data for 43 white dwarfs contained in the Luyten Half-Second Catalogue (LHS, Luyten 1979). Leggett et al. (1998) used better measurements of the same sample, and reported a value of 3.4 × 10 −3 pc −3 . Ruiz et al. (1993) found a factor of two larger for the number of stars observed in some areas of the sky with respect to the same areas in the LHS catalogue. This suggests a possible observational incompleteness in the LHS catalogue. Consequently, we take the Leggett et al. (1998) value and we assume it to represent a lower limit. We then correct for the fraction of these white dwarfs that are not the brightest components of binary systems, and we obtain a value of ∼3×10 −3 pc −3 , which we adopt as the number density of white dwarfs.
For giant stars we adopt a number density of 4.3×10 −4 pc −3 , which is the difference between the general LF (for the M V interval containing giants plus main sequence stars) and the main sequence LF reported in Jahreiss & Wielen (1997) . This value is very close to the value of 4.6 × 10 −4 pc −3 we derive from the LF of Scalo (1986) , based also on the difference between general and main sequence LF (see also Rana 1987 for the adopted Scalo's main sequence LF). Finally, for M V brighter than magnitude −1 we adopt a density of 8.0 × 10 −6 pc −3 (Allen 1985) . The contribution to the local density from other stellar types (e.g., supergiants, M V brighter than −6) is not significant. Table 8 gives the contribution of each stellar type to the frequency of encounters. Values for v * i and v i are from Mihalas & Binney (1981) . From the results listed in this table we derive an expected frequency of encounters, f e = 10.5 Myr −1 within 1 pc of the Sun. Encounters with the more massive and slow moving early-type stars are much less frequent than with the more numerous later, low mass and high velocity, types. The stellar systems that potentially may cause the greatest dynamical perturbation on the Oort cloud represent only a small fraction of all star systems. In contrast, encounters with M dwarfs represent about 73% of the total number of encounters. The contribution by white dwarfs is not very significant compared with that of M dwarfs. Even if we doubled the number density of white dwarfs, the total increase in the frequency of encounters would be less than 7%.
Frequency of encounters from the candidate stars
In order to estimate the frequency of stellar encounters with the Sun, we also considered the predicted stellar passages obtained from the global potential model integrations using the Hipparcos data, and restricted by the following times T ca and distances D ca of closest approach:
We found a total of 92 star systems in our sample encountering the Sun, which matched the criteria in (33). The mean encounter velocity of these 92 systems with the Sun is 45.7 km s −1 (46.7 pc Myr −1 ). If we take this velocity as a representative value, then the star systems satisfying the conditions (33) are expected to be currently located within a heliocentric distance of ∼50 pc. In fact, we find that all 92 encounters are for star systems located within this distance.
There are 627 star systems with heliocentric distances up to 50 pc in our sample of candidate stars, from which we derived the 92 passages satisfying (33). Figure 12 is a logarithmic plot of the cumulative number of predicted encounters within 5 pc versus encounter distance, for a time interval of ±1 Myr. The dashed line in the figure is a least-squares fit to the data, which has a slope of 2.2 ± 0.2, in agreement with the theoretically predicted slope of 2. The encounters were derived from the systems with measured radial velocities, which constituted 64% of the 627 star systems. Assuming similar statistics for the total sample of 627, we find a predicted value of f s = 2.3 ± 0.2 star systems per Myr passing within 1 pc of the Sun.
Frequency of encounters corrected for observational incompleteness
The frequency of encounters derived from our candidate stars is a lower limit to the actual frequency because of the observational incompleteness in the Hipparcos data. The Hipparcos Catalogue is complete up to visual magnitude of about 7.3-9.0, depending on galactic latitude and spectral type, and has a limiting visual magnitude of ∼12. Consequently, fainter stars are missed in our study.
To correct the frequency of encounters found above, we first estimate the number of star systems within 50 pc of the Sun from the luminosity function constructed above, and then compare it with the number of star systems observed by the Hipparcos satellite. In the worst case, the Hipparcos catalogue is complete to a visual magnitude of V lim 7.3 for the entire sky, which is equivalent to a completeness to absolute magnitude M V lim 4 mag at a radius of 50 pc. Thus, the Hipparcos Catalogue is expected to be incomplete in this case only if M V is fainter than ∼4.
This incompleteness is shown in Fig. 13 . The plot gives the number of star systems within 50 pc estimated from the systemic LF, compared with the number detected by the Hipparcos satellite (black bar), as a function of M V (stellar type). Main sequence stars brighter than M V = −1 are not represented, since their number density (8.0 × 10 −6 pc −3 ) can be neglected.
The incompleteness of the Hipparcos data increases quickly as stars fainter than M V ∼ 4 are considered. Only 2% of the systems fainter than M V = 9 mag are detected. Encounters with a large number of low-mass M dwarfs are, thus, missed in our sample because of the intrinsic faintness of those stars. However, encounters with M dwarfs are not likely to perturb the Oort cloud significantly because of their low masses and typically high encounter velocities, unless there is a penetrating passage through the inner comet cloud.
The number of star systems within a heliocentric radius of 50 pc predicted by the systemic LF is ∼35 800, compared with ∼7000 star systems observed by Hipparcos within this radius. Assuming statistical uncertainty in these numbers, this results in a factor ∼5.1 ± 0.1 incompleteness in the Hipparcos data. The frequency of encounters derived from our candidate stars is 2.3 ± 0.2 Myr −1 . To correct this value for incompleteness, we multiply by the factor 5.1 estimated above. We obtain a corrected frequency of encounters f c = 11.7 ± 1.3 Myr −1 within 1 pc of the Sun. This value is in agreement within the uncertainty with the frecuency of encounters f e = 10.5 Myr −1 derived above from the LF. 
Impact of future space-based astrometric missions on the search for close stellar passages
Future space-based astrometric missions are expected to provide astrometric measurements with orders of magnitude better accuracy and observe a significantly greater number of stars than Hipparcos. Moreover, these missions will observe stars that are much fainter than the Hipparcos magnitude limit. The combination of both better accuracy and a much larger number of measured stars will make it possible to improve our knowledge of the frequency of encounters with the solar system and their dynamical effect on the Oort cometary cloud. Several space-based astrometric missions are planned to be launched in the next few years: DIVA (Double Interferometer for Visual Astrometry, launch in 2004), FAME (Full-sky Astrometric Mapping Explorer, launch in 2004), SIM (Space Interferometry Mission, launch in 2009) and GAIA (Global Astrometric Interferometer for Astrophysics, launch no later than 2012). The comparison between these missions is summarized in Table 9 .
We consider two astrometric missions, GAIA and FAME, to study how future space-based missions may improve the search for close stellar passages. We choose these missions because they are expected to provide data for a larger number of stars (SIM, for instance, will observe a relatively small number of stars) and/or with better accuracy than the other astrometric missions.
The GAIA mission
GAIA, recently selected as ESA's Cornerstone 6 mission, will measure the positions and velocities of ∼10 9 stars over a planned five-year mission. GAIA is the only Magnitude limit space-based mission that also proposes to provide radial velocity measurements for the target stars. The radial velocity accuracy will depend mainly on spectral type, rotational velocity, and metallicity, with an accuracy of 1-10 km s −1 to a limiting magnitude V ∼ 17.
To estimate how GAIA may improve the determination of stellar passages close to the Sun, we compare the uncertainty in the determination of the stellar encounters for our candidate stars due to the accuracy limits in the Hipparcos data with the uncertainty due to the expected accuracy limits of the GAIA data. We consider the 595 candidate Hipparcos stars with radial velocity measurements and we assume for these stars the errors in the parallaxes, proper motions and radial velocities expected from the measurements by GAIA. However, for those candidate stars for which we found radial velocity measurement errors in the literature smaller than the errors expected from GAIA, we adopt the errors found in the literature. All of the 595 candidate stars are brighter than visual magnitude 13. GAIA's expected accuracies for parallaxes and proper motions, 4 microarcsecond (µas) and 3 µas yr −1 , respectively, for V = 12, represent about two orders of magnitude improvement in accuracy over Hipparcos. If a given σ i represents the actual measurement uncertainty in parallax or proper motion in the Hipparcos data, we assume that the error for GAIA is Qσ i , where Q is the ratio between GAIA's and Hipparcos' theoretical uncertainties. Thus, the parallax uncertainty for GAIA is 0.004σ i and the proper motion uncertainty is 0.003σ i . This implies that we assume, for instance, the same difficulties in the measurements by Hipparcos and by GAIA caused by the intrinsic physical properties of the target stars.
We define ∆D G as the uncertainty in the prediction of the miss distance due to the uncertainties in the parallaxes, proper motions and radial velocities (with the exceptions mentioned above for radial velocities) measured by GAIA. We also define ∆D H as the uncertainty in miss distance due to the uncertainties in the parallaxes and proper motions measured by Hipparcos as well as the uncertainties in the ground-based radial velocities from the literature. Both ∆D G and ∆D H are calculated using Eq. (27) for the assumed uncertainties.
We plot the number of candidate stars as a function of the ratio ∆D H /∆D G in Fig. 14 . We find that all of the predicted passages are determined with better accuracy assuming the uncertainty from GAIA. The error ∆D G is at least a factor of two smaller than the error ∆D H for ∼77% of the candidate stars. Miss distance errors are improved by more than one order of magnitude for ∼17% of the candidate stars (those stars with values of ∆D H /∆D G > 10). We also estimate the same ratio ∆D H /∆D G for the 595 candidate stars, but taking into account only the uncertainties in the parallaxes and proper motions, and not the uncertainties in the radial velocity measurements. We plot the number of candidate stars as a function of this ratio in Fig. 15 with the same bins as in Fig. 14. With this assumption of perfect radial velocity measurements, the predicted passages using GAIA would be determined with much better accuracy. The predicted miss distances of practically all the candidate stars are determined with an error at least a factor of two smaller than the error due to the Hipparcos uncertainty. In this case, miss distance errors are improved by more than one order of magnitude for ∼99% of the candidate stars, and by more than two orders of magnitude for ∼83% of the candidate stars.
From the comparison between Fig. 14 , which includes the radial velocity uncertainties in the calculation, and Fig. 15 , which does not include these errors, we see that the radial velocity uncertainties dominate the uncertainty in the predicted encounters over the parallax and proper motion errors. In either case, it is clear that GAIA will provide a significant improvement in the determination of close stellar encounters with the Sun, as compared with Hipparcos.
Finally, we estimate the errors in the miss distance considering the expected accuracies in parallax, proper motion and radial velocity by GAIA but, unlike above, not taking into account ground-based radial velocity measurements with better accuracy than those by GAIA. Comparing with Hipparcos results, we find that 85% of the predicted passages are determined with better accuracy assuming the uncertainty from GAIA. The errors are not improved by GAIA for the remaining 15% of the passages, though the difference is not large. The error in the determination of miss distances by GAIA is at least a factor of two smaller than the error due to the Hipparcos uncertainty for ∼65% of the candidate stars. Miss distance errors are improved by more than one order of magnitude for ∼12% of the candidate stars.
We plotted the distribution of ground-based radial velocity errors of the candidate stars in Fig. 2 . About 40% of the stars in the plot have errors below 1 km s −1 , the best radial velocity accuracy by GAIA. Furthermore, about 16% of the candidate stars have ground-based radial velocity measurements which are between three and ten times more accurate than GAIA's value of 1 km s −1 . The very good accuracy of some of the ground-based radial velocities used in our study explains why GAIA, despite having better astrometric values, does not improve the uncertainty in some of the passages predicted when only the GAIA's accuracy in radial velocity is considered. It is clear that the combination of GAIA astrometric data with very accurate ground-based radial velocities provides the best results. However, such a combination will be limited to a relatively small percentage of future candidate stars, since GAIA is expected to observe a large number of stars for which no ground-based radial velocities will be available. Nevertheless, for close encounters predicted using GAIA's radial velocities, improved ground-based radial velocity data may eventually be obtained.
Frequency of encounters and completeness
We found that the observational incompleteness in the Hipparcos Catalogue is a significant source of uncertainty in the estimation of the frequency of encounters with the Sun. The future use of the GAIA data should overcome the problem of incompleteness for a large fraction of stellar types. Our estimate of the frequency of encounters was based on the star systems contained within a heliocentric distance of 50 pc. The distance modulus
where d is the heliocentric distance of the star system (in pc), can be used to estimate the completeness of GAIA in terms of the absolute magnitude M V . At a heliocentric distance d = 50 pc, the observational completeness of GAIA is given by M V lim = V lim − 3.495, where V lim is the magnitude limit of GAIA and M V lim is the absolute limiting magnitude. Using V lim ≈ 20 for GAIA and the equation above, GAIA will observe stars with completeness up to M V lim ≈ 16.5 at 50 pc from the Sun. We can estimate the expected number of star systems observed by GAIA within a heliocentric distance of 50 pc, and compare it with the number of star systems observed by Hipparcos within this same distance. We consider the luminosity function adopted above and we assume that all stars or star systems brighter than M V = 16.5 can be detected by GAIA within 50 pc of the Sun. For fainter stars, we calculate the distance limit within which these stars can be detected by GAIA assuming the magnitude limit of V = 20 for completeness. We then determine the number of stars or star systems located within this distance limit according to the luminosity function considered. The number of stars or star systems detected by GAIA is then compared with the prediction from the luminosity function.
We plot the number of stars or star systems within 50 pc of the Sun as a function of M V (stellar type), in 1 mag bins, given by the systemic luminosity function, in Fig. 16 . The plot gives the number of stars detected by GAIA (black part of each bar). This plot can be compared with the Hipparcos completeness shown in Fig. 13 . We find that GAIA should observe at least ∼95% of the star systems within 50 pc, compared with only ∼20% of star systems within 50 pc observed by Hipparcos. This represents ∼33 800 star systems observed by GAIA within 50 pc, compared with ∼7000 observed by Hipparcos within the same distance. GAIA represents a significant improvement in completeness compared with Hipparcos, which will result in a much better estimate of the frequency of stellar encounters with the Sun.
8.3. The FAME mission FAME, a NASA MIDEX (medium-class Explorer) mission, is designed to perform an all-sky, astrometric survey that will create an accurate astrometric catalogue of 4 × 10 7 stars with visual magnitudes 5 < V < 15. Unlike the GAIA mission, FAME will not measure the radial velocities of the target stars.
For FAME we proceed as in our study of GAIA, above, and consider the 595 candidate stars for which we have radial velocity measurements. For their astrometric values we assume different accuracies depending on the visual magnitude measured. For candidate stars with V < 9, the errors in parallax or proper motion determined by FAME are expected to be better than 0.05σ i , where σ i represents the measurement error in parallax or proper motion in the Hipparcos data. For candidate stars with V > 9, the errors in parallax or proper motion determined by FAME increase, but to the limiting visual magnitude of the 595 candidate stars these errors are expected to be better than about 0.3σ i .
Adopting these uncertainties for the candidate stars, we estimate the uncertainty ∆D F in the prediction of the miss distances due to the expected errors in the Comparison between Hipparcos and FAME in terms of the uncertainty in the determination of the closest approach distance to the Sun for the 595 candidate Hipparcos stars. The histogram gives the number of candidate stars as a function of the ratio between the uncertainty due to the errors in the Hipparcos data and the uncertainty due to the expected errors in the FAME data. The errors in the ground-based radial velocity measurements are also included.
parallaxes and proper motions measured by FAME. The uncertainty from the Hipparcos errors is ∆D H . Both uncertainties ∆D F and ∆D H are calculated using Eq. (27). In both cases the radial velocity measurement uncertainties are those we found in the literature.
We show the number of candidate stars as a function of the ratio ∆D H /∆D F in Fig. 17 . We find that the errors in the determination of miss distances by FAME are a factor of two or more smaller than the errors by Hipparcos for ∼37% of the candidate stars, compared with ∼77% of the candidate stars when GAIA is considered. Miss distance errors are improved by more than one order of magnitude using FAME data for ∼4% of the candidate stars, compared to ∼17% when GAIA is considered.
We also estimate ∆D F and ∆D H as above, but taking into account only the uncertainties for the parallaxes and proper motions and not the radial velocity measurement uncertainties. The number of candidate stars as a function of the ratio ∆D H /∆D F is shown in Fig. 18 . In this case, the errors in the determination of miss distances by FAME are a factor of two or more smaller than the errors by Hipparcos for practically all the candidate stars. We also find that ∼72% of the candidate stars have one order of magnitude smaller errors with FAME, compared to ∼99% of the candidate stars with GAIA. From the comparison between Fig. 17 (with radial velocity errors) and Fig. 18 (with no radial velocity errors) we see that the radial velocity measurement uncertainties dominate the uncertainties in the predicted encounters. FAME represents an improvement in the accuracy in the prediction of the miss distances compared to Comparison between Hipparcos and FAME in terms of the uncertainty in the determination of the closest approach distance to the Sun for the 595 candidate Hipparcos stars. The histogram gives the number of candidate stars as a function of the ratio between the uncertainty due to the measurement errors in the Hipparcos data and the uncertainty due to the expected errors in the FAME data. The difference with respect to Fig. 17 is that the radial velocity measurement errors are not included here.
Hipparcos, though less than the improvement represented by GAIA. Nevertheless, FAME will play an important intermediate role since this mission should provide improved astrometric data compared to Hipparcos well in advance of GAIA. This would allow candidate stars for GAIA to be chosen, as well as radial velocity measurement programs to be initiated for candidate stars with no previous radial velocity measurements. This is especially important for long-period double and multiple systems, for which multiepoch measurements over several years may be required to determine their systemic radial velocities.
Earth impacts and the search for close encounters
A particularly interesting aspect of the search for stars that encountered the solar system in the past is the study of possible links between records of past impact events on Earth and comet showers. It has been suggested that the terrestrial record of impacts over the last ∼250 Myr might be correlated with mass extinction events (see, e.g., Shoemaker & Wolfe 1986) .
Some terrestrial impact craters have been correlated with extinction events, though crater ages are often not known well enough. However, iridium anomalies, tektites, microtektites, impact glass and shocked minerals, which constitute markers of impact events in the stratigraphic column, can be used as independent evidence to support the timing of impact events.
At least two large impact structures can be correlated with the statigraphic records in the late Eocene about 36 Myr ago, the 100-km-diameter Popigai and the 90-km-diameter Chesapeake Bay impact craters. These two craters occurred synchronously within their age uncertainty. The age of the Popigai crater is 35.7 ± 0.2 Myr (Bottomley et al. 1997) , and that of the Chesapeake Bay structure is 35.5 ± 0.3 Myr to 35.2 ± 0.3 Myr (Obradovich 1989; Poag & Aubry 1995; Koeberl et al. 1996) . For the last 150 Myr these combined impact craters represent the third largest known impact energy flux peak and might be correlated with global biotic crises at the end of the Eocene (Montanari et al. 1985; Montanari et al. 1998) . Farley et al. (1998) found geochemical evidence for a comet shower in the late Eocene; a significant increase in the flux of extraterrestial helium-3 to Earth. Helium-3 is a tracer of fine-grained interplanetary dust. Farley et al. suggested that the correlation between increased concentrations of helium-3 and large impacts indicates that the abundance of Earth-crossing objects and the dustiness of the inner solar system were simultaneously but only briefly enhanced. The flux of extraterrestial helium-3 began to increase before the impact events, reached a maxima coincident with those impacts, and then rapidly declined.
We estimated that the time horizon for our search for encounters with the solar system using Hipparcos data is roughly about ±10 Myr from the present time. The observational incompleteness in the Hipparcos Catalogue limits the determination of stellar encounters to within a few million years, beyond which the number of close passages missed by our search is very large. In contrast, GAIA may enhance this time interval to, at least, the past several tens of million years, as suggested by the comparison between Figs. 13 and 16. This is the time period required to cover the known cratering events in the late Eocene. Thus, the GAIA mission may provide sufficiently accurate data for a remarkably large number of stars to study the possible link between comet showers and records of past impact events on Earth.
We can estimate the number of main sequence stars with masses ≥1 M that can be detected, and their radial velocities measured, by GAIA. A close or penetrating passage of this massive a star through the Oort cloud could have caused a comet shower in the past. We adopt an absolute magnitude of M V = 4.8 (which corresponds to the Sun's value and which is equivalent to a lower mass limit) or brighter for this estimate. GAIA is complete to V ≈ 20. However, to calculate the stellar trajectories we need radial velocity data, and the limiting magnitude for radial velocity measurements is V ∼ 17, which we adopt for the calculation.
The effect of the interstellar absorption and scattering of light, A V , cannot be neglected because of the large distances involved. We can consider A V to be proportional to the distance of the observed star, and assume a standard value of one magnitude per kpc for the dimming effect on the star's brightness. We consider the equation solving the equation, we find a distance of d 1.4 kpc. Thus, GAIA should provide astrometric and radial velocity data for all solar-type or more massive stars located within a heliocentric distance of d 1.4 kpc. The heliocentric distance to which GAIA's astrometry is observationally complete for solar-type or more massive stars, that is for the limiting magnitude of 20, is d 2.9 kpc. Between these two heliocentric distances only a percentage of these stars observed by GAIA will also have their radial velocities measured. We estimated this percentage based on the luminosity function adopted. The results are shown in Fig. 19 . The number of stars with radial velocity measurements by GAIA begins to decrease for distances larger than ∼1.4 kpc, beyond which only the more massive, brighter stars will be measured.
The Hipparcos completeness for these solar-type or more massive candidate stars is to a distance of only ∼30−60 pc, according to the Hipparcos magnitude limit of 7.3−9.0. GAIA, with d 1.4 kpc, represents an improvement of a factor of 23−47 with respect to Hipparcos, in terms of the limit distance within which completeness for the search for these candidates can be achieved. This corresponds to an increased search volume more than 12 000 times that achieved by Hipparcos. In fact, this is a lower limit estimate since only a limited number of the Hipparcos star candidates have ground-based radial velocity measurements. The time horizon for completeness in the prediction of close passages in the past using GAIA is expected to be increased accordingly. It is difficult to estimate the typical time horizon for completeness because of the complexities of the stellar galactic orbits for the integration times involved. However, as a rough estimate, we can assume the same order of magnitude increase in the time horizon as in the increase in the distance horizon expected with the use of GAIA data. Therefore, the time horizon for the search for the candidate star that might have caused a comet shower can very likely be expanded by GAIA beyond the ∼36 Myr ago date of the late Eocene impact events. Stars with slower encounter velocities are likely to have a bigger effect on the Oort cloud. Thus, perhaps the time horizon is even longer for these stars since they will not be as far from the Sun compared to faster moving stars. Of course, the transient nature of the stars must be taken into account, since only those with lifetimes beyond the ∼36 Myr of the late Eocene events can be included in the search. Thus, massive early-type stars with short lifetimes should be ruled out. This type of stars, however, represents only a small fraction of the candidate stars.
An issue to be considered is that, with improved astrometric values, the ultimate limit on predicting close passages over the integration times required to account for the late Eocene event will be the galactic potential model, as well as the difficulty in recreating star-star and star-GMC encounters. Although it is difficult to quantify how accurately a stellar trajectory can be determined over such integration times, it seems clear that the uncertainty in the galactic parameters strongly limits the prediction capability. The largest source of error for encounters over timescales of several tens of Myr comes from the uncertainty in the density of matter in the galactic disk and the density variation, as shown above when we discussed the validity of our results. Thus, we need improved models of the Galaxy to reproduce better the actual gravitational potential if we want to predict accurately a close passage during the late Eocene event. However, better astrometric measurements can also lead to better potential models. This will improve our ability to integrate galactic orbits over longer timescales.
A more difficult problem is that of star-star and star-GMC perturbations. In Paper I we showed that such perturbations can be neglected on timescales of a few Myr. However, they may become more significant over the ∼40 Myr timescale we would like to achieve with the FAME and GAIA data. Also, the short lifetimes of massive, early-type stars, which could act as significant perturbers, may make it impossible to recreate stellar trajectories with any reliability. It is even possible that a massive, early-type star was the late Eocene perturber, and that the star no longer exists, and thus can never be found.
Conclusions
1. We found that 156 candidate stars have passed or will pass within 5 pc of the Sun during about ±10 Myr from the present time, with most of them, ∼85%, ocurring within a time interval of ±3 Myr. The passages at large times are dominated by stars with the largest apparent brightness at closest approach, which suggests an observational bias that we interpreted as the result of observational incompleteness in the Hipparcos data.
Within a time interval of about ±10
Myr from the present time, the predicted encounters are fairly well determined for most of the candidate stars. They are not altered significantly by the use of alternative galactic potential models or by varying the plausible values of the galactic parameters. It is the astrometric errors that ultimately limit the accuracy of the predicted encounters for most of our candidate stars over the time interval of integration considered. The time interval of about ±10 Myr from the present time is essentially an upper limit in our search for close stellar passages. 3. The most interesting result is the future passage of the star GL 710 through the outer Oort cloud. We determined a miss distance of 0.337 ± 0.177 pc in 1.36 ± 0.04 Myr from the present for the passage of this star. These values are in excellent agreement with the predictions using the other galactic potential models, indicating that the prediction of this passage is not model dependent. 4. We estimated a value of 10.5 star systems per million years encountering the Sun within one pc based on a luminosity function constructed from data available in the literature. About 73% of the expected encounters are with late-type, low mass M dwarfs. The frequency of encounters with the Sun was also estimated using the predicted passages for the Hipparcos candidate stars. We found a value of 2.3 ± 0.2 star systems per Myr passing within one pc of the Sun. This value represents a lower limit because of the observational incompleteness in the Hipparcos data. We corrected this value for incompleteness and derived a frequency of encounters with the Sun of 11.7 ± 1.3 star systems per Myr within a radius of one pc. Future measurements of radial velocities for the full sample of candidate stars are expected to improve the estimate of the lower limit above. 5. Based on the predicted encounters for the 595 candidate Hipparcos stars, we found that GAIA and FAME would significantly decrease the uncertainty in the determination of the stellar encounters with the Sun. Radial velocity measurement errors would represent the dominant uncertainty factor in the passages predicted using data from these proposed missions. We expect a dramatic improvement in the determination of the frequency of encounters using GAIA data due to the much greater observational completeness estimated for that mission. 6. We suggest that GAIA may provide, for the first time, sufficiently accurate data and for a large enough number of stars to carry out a reliable study of the links between comet showers and past impact events on Earth.
In particular, we considered the case in which records of multiple large impacts on Earth might be correlated with a comet shower during the late Eocene, ∼36 Myr ago. GAIA should significantly increase the distance horizon that limits the search for past close encounters using Hipparcos data, and consequently expand the time horizon of our search beyond the ∼36 Myr age of the late Eocene event. However, the galactic potential models may limit the prediction capability for encounters with large integration times.
